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1. Introduction 
 
Glasses are important materials in society and have been used for centuries as a structural 
component in a wide range of applications spanning from construction, transportation and 
communications to daily life tools. However one of the biggest disadvantages of glass is its brittleness 
and low fracture resistance. This mechanical fragility has been found to be originated by the presence of 
flaws at different scales and from certain structural features which make the material susceptible to 
fracture. Many strategies have been proposed in the past to overcome such native brittleness including 
extrinsic processes (ion-exchange, thermal tempering) and intrinsic processes (composition tuning). 
Although great breakthroughs have been achieved for the extrinsic strengthening, little advancement in 
the strength has been achieved for the intrinsic strengthening. One reason for this is that the composition 
of glasses has always been limited to silicates and borosilicates which are the backbone of commercial 
glasses. Therefore, in order to obtain intrinsically stronger glasses it is necessary to investigate the effect 
of different glass formers on the mechanical properties of glass i.e. new glass compositions.  
Recently, the aerodynamic levitation technique has allowed the fabrication of new glasses with 
unconventional glass formers such as Al2O3, TiO2, Nb2O5 and WO3 which cannot be obtained by 
conventional melting techniques. Some of these glasses have shown interesting physical properties such 
as high refractive index and glass transition temperatures but the mechanical properties of these glasses 
remain unexplored. In this work the elastic properties and indentation behavior of new glasses prepared 
by aerodynamic levitation were investigated. The structure of the glasses was probed by different 
spectroscopic techniques and/or atomistic simulations. Finally composition-property-structure 
relationships of the new glasses were proposed and composition-property maps of the glasses fabricated 
by the aerodynamic levitation technique were presented.  
The studied glasses in this work include a new glass with composition 54Al2O3•46Ta2O5, a group of 
alumina-rich Al2O3–SiO2 glasses, and glasses with high atomic packing density with composition 
68Al2O3•32Re2O3 (Re = La, Sm, Gd Er, Tm, Y), 60La2O3•40Nb2O5, 30La2O3•70Nb2O5, BaTi2O5, 
La4Ti9O24 and 20La2O3•80WO3 that where recently developed by our group via aerodynamic levitation. 
 
2. High elastic moduli of a 54Al2O3•46Ta2O5 glass. 
 
Herein, we describe the preparation and mechanical properties investigation of the new bulk glass 
54Al2O3•46Ta2O5 by a containerless method which exhibits high elastic moduli and high hardness values. 
Relationships between the properties and structure were also proposed. The glass samples were prepared 
using an aerodynamic levitation furnace using two CO2 lasers for melting at approximately 1800-2000°C. 
The melt was rapidly solidified into a glass by shutting off the lasers. The physical and thermal properties 
of the glass were investigated. Also, the elastic moduli and indentation behavior were investigated by 
means of ultrasonic methods and microindentation respectively. Finally, the local structure was 
investigated by means of 27Al MAS NMR spectroscopy.  
The glass transition temperature Tg of the 54Al2O3•46Ta2O5 glass was observed at 858 °C and a 
glass stability ΔT = 54 °C, which indicated the difficulty in vitrifying the composition in the bulk form 
using the conventional melting process. The density of the glass was ρ = 6.01 g/cm3. The glass was 
transparent and colorless in the visible region and had a maximum apparent transmission of 81% and the 
experimental refractive index nd value for the glass was 1.94. The measured Young’s modulus E was 
158.3 GPa, the bulk modulus K was 124.1 GPa, the shear modulus G was 61.5 GPa, and the Poisson’s 
ratio ν was 0.29. The measured Vickers hardness HV was 9.1 GPa. These values for the elastic moduli and 
hardness are considerably high and comparable to the maximum values of previously reported oxide 
glasses. The 27Al MAS NMR spectrum of the 54Al2O3•46Ta2O5 glass revealed the presence of high 
proportions of AlO5 and AlO6 species apart from AlO4. Therefore, the structure of the 54Al2O3•46Ta2O5 
glass may be due to not only the presence of AlO4 networks but also in part from the high oxygen 
coordination of Al. Accordingly, Ta2O5 likely contributed to the high packing density of the 
54Al2O3•46Ta2O5 glass via the formation of a large number of highly coordinated Al atoms because of its 
high cation field strength. Moreover, it was found that Ta2O5 also contributed importantly to the overall 
dissociation energy per unit volume of the glass. It was suggested that not only Al2O3 but Ta2O5 was a 
key component to achieve a high elastic modulus and hardness in these glasses, due to its high 
dissociation energy per unit volume and high field strength. 
 
3. Mechanical properties and structure analysis of Al2O3–SiO2 glasses 
 
In this work, a group of Al2O3–SiO2 binary glasses with high Al2O3 content exhibiting both high 
hardness and cracking resistance were fabricated by means of the aerodynamic levitation technique. 
xAl2O3–(100–x)SiO2 glasses with 30 ≤ x ≤ 60 in mol% were fabricated using an aerodynamic levitation 
furnace. Oxygen was used as the levitating gas for avoiding SiO2 evaporation. Their physical, thermal 
were investigated. The structure of the binary aluminosilicate glasses was studied through spectroscopic 
techniques, scanning transmission electron microscopy (STEM) and molecular dynamics (MD) 
simulations. 
Transparent and colorless xAl2O3–(100–x)SiO2 glasses were obtained in the range of 30 ≤ x ≤ 60. At 
a higher x, mullite and α-Al2O3 were crystallized from the melt. The density and atomic packing density 
increased linearly with the Al2O3 content in the studied composition range. All the elastic moduli (G, K, E 
and ν) increased linearly with x as measured by ultrasonic methods. The Young`s modulus E increased 
from 102.9 GPa to 134.2 GPa, the bulk modulus K increases from 65.6 to 99.0 GPa, the shear modulus G 
increases from 41.5 GPa to 52.7 GPa and the Poisson`s ratio ν increase from 0.239 to 0.274 with 
increasing alumina content. The Vickers hardness HV increased monotonically with the Al2O3 content 
from 7.23 up to 8.07 GPa in agreement with the elastic moduli trends. The increase of elastic moduli and 
hardness of xAl2O3–(100–x)SiO2 glasses was explained by the increase of Al2O3 content which caused an 
increment of the total dissociation energy per unit volume of the glass and of the atomic packing density. 
As a result, the glass with the highest Al2O3 content (x = 60) showed the highest values of elastic moduli 
and Vickers hardness. These values were comparable to the hard glasses such as R2O3–SiO2–Al2O3 
glasses and CaO–SiO2–Al2O3 glasses, and are much larger than those of conventional glasses. From 
Vickers indentation experiments it was noted that with increasing Al2O3 content, the glasses became more 
resistant to radial cracking as observed from the indentation cracking resistance (CR) values. Also, the 
glasses displayed higher values of indentation fracture toughness and lower brittleness index at higher 
alumina contents. The CR value for the x = 60 glass (CR = 55.4 N) was found to be considerably larger 
than those of previously reported crack resistant glasses.  
Microstructural analysis using STEM revealed that glasses with 30 ≤ x < 60 were phase-separated 
into an Al-rich phase (with mullite composition) and an Si-rich phase, while the x = 60 glass of mullite 
composition was homogeneous. From the structural analysis using spectroscopic techniques and MD 
simulations it was found that that the glasses consisted of a fully connected network of mixed and 
complex Al–O–Si connections and that a high proportion of AlO5 species were present in the 
alumina-rich glasses. As evidenced from the indentation experiments and topometry investigation by laser 
microscopy, the addition of alumina promoted an elastic-to-plastic transition in the glasses with an 
apparent increasing contribution from the shear deformation process. Thus, the increase in the cracking 
resistance could not be explained only by densification as it is widely accepted for conventional oxide 
glasses since the packing density increased with the addition of Al2O3. It was is proposed that the local 
structure of aluminum atoms as well as the structure around these units may play a role in the increased 
cracking resistance of alumina-rich Al2O3–SiO2 glasses through shear deformation processes. 
 
4. Mechanical properties and indentation behavior of highly packed glasses. 
 
In this wok, the elastic properties and indentation behavior of group new glasses obtained by 
aerodynamic levitation including aluminate glasses with chemical composition 68Al2O3•32Re2O3 (Re = 
La, Sm, Gd, Er, Tm, Y) and high refractive index glasses such as 30La2O3•70Nb2O5, 60La2O3•40Nb2O5, 
BaTi2O5, La4Ti9O24, and 20La2O3•80WO3 were investigated by means of ultrasonic methods and 
microindentation. 
The studies on the 68Al2O3•32Re2O3 (Re = La, Sm, Gd, Er, Tm, Y) glasses revealed that these 
glasses were characterized by their high atomic packing density, Vickers hardness, elastic moduli, 
indentation fracture toughness and moderate values of cracking resistance. The hardness and elastic 
moduli were enhanced in glasses with smaller rare-earth cations and higher field strength (CFS). The 
higher CSF is believed to be responsible for the enhancement of the packing density, elastic properties 
and hardness of these glasses. The Vickers indentation revealed that these glasses became more 
susceptible to indentation damage (radial cracking) with increasing packing density similar to that 
observed in conventional glasses due to a reduce ability for densification. Although the glasses displayed 
high atomic packing densities, the cracking resistances of some of the aluminate glasses were higher than 
many conventional glasses. Compositions such as 68Al2O3•32Re2O3 (Re = La, Sm, Y) were able to 
combine high hardness, elastic modulus and moderate values of indentation cracking resistance. 
 The investigation of new glasses with high refractive index and compositions: 30La2O3•70Nb2O5, 
60La2O3•40Nb2O5, BaTi2O5, La4Ti9O24 and 20La2O3•80WO3, showed that these glasses were 
characterized by their high atomic packing densities, high Poisson´s ratio, low cracking resistance, high 
brittleness and low indentation fracture toughness. It was observed that the elastic properties and hardness 
decrease in the following order: La4Ti9O24 > 60La2O3•40Nb2O5 > 30La2O3•70Nb2O5 > BaTi2O5 > 
20La2O3•80WO3. The cracking resistances of the glasses decreased in the following order: WO3-based > 
Nb2O5-based > TiO2-based. Although the packing densities of these glasses were similar to those found in 
the 54Al2O3•46Ta2O5, Al2O3–SiO2 and 68Al2O3•32Re2O3 glasses, the cracking resistances in these 
systems were much lower. This suggests that the atomic network of the TiO2-, Nb2O5-, and WO3-based 
glasses were less able to accommodate stresses during indentation compared to Al2O3-based glasses 
which were more resistant in all cases. 
